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pectrum-responsive cathode
catalysts with abundant active sites for high-
performance photo-enabled lithium–oxygen
batteries via band engineering

Yanhui Gan,†a Min Yue,†a Yujia Niu,a Chengjie Wu,a Songtao Zhang,d Mengtao Ma, a

Hao Gong, *a Hairong Xue *bc and Renzhi Ma *e

Aprotic lithium–oxygen batteries (LOBs) have been regarded as novel energy storage devices due to their

excellent specific energy density, yet the large discharge/charge overpotentials remain a formidable

obstacle to be overcome. A photoassisted battery has been verified as one of the most effective

approaches to reduce the overpotentials of LOBs. Herein, ZnO nanorod arrays were in situ grown on

carbon textile, followed by in situ transformation to form Zn-HHTP@ZnO (HHTP,

hexahydroxytriphenylene) heterojunction photocatalysts. The porous structure and conjugated system of

highly conductive Zn-HHTP provide efficient electron conduction pathways, compensating for the

insufficient conductivity of ZnO. The nano-array structure enables multiple scattering and reflection of

incident light within the array, enhancing photon utilization efficiency. The in situ grown Zn-HHTP@ZnO

heterojunction composite not only possesses abundant active catalytic sites but also exhibits a broad

light absorption range. Consequently, the assembled LOBs with Zn-HHTP@ZnO cathode deliver a low

charging potential of 3.20 V under illumination and an excellent energy efficiency of 93.4%, which is

significantly higher than that of 78% under dark conditions. Therefore, this paper provides a deeper

understanding of the mechanism of photoexcited charge carriers in LOBs and will facilitate further

exploration of light-involved energy storage systems.
Instructions

With the increasing consumption of fossil fuels and the devel-
opment of electric vehicles, there is an urgent need to develop
low-cost, environmentally friendly, and efficient energy
conversion systems.1–6 Lithium–oxygen (Li–O2) batteries stand
out as leading candidates among storage batteries due to their
remarkable theoretical energy density (3500 Wh kg−1).7,8

However, they are hindered by several unresolved technical
challenges, including low round-trip efficiency, poor rate
capability, and inferior cycle stability resulting from the slug-
gish kinetics of oxygen reduction (ORR) and evolution (OER)
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reactions.9–12 To achieve high reversibility in lithium–oxygen
batteries (LOBs), effective bifunctional electrocatalysts have
been widely reported to promote ORR and OER. Nevertheless,
inherent issues such as the insulating nature of discharge
products still lead to high charging overpotentials. The intro-
duction of photoassisted Li–O2 batteries has proven to be an
effective strategy for achieving high performance, featuring
enhanced reaction kinetics and low energy barriers,13–15 which
largely depends on the development of semiconductor photo-
electrodes. These photoelectrodes possess the capability to
generate highly active electrons and holes by capturing
photons. Considerable research efforts have been dedicated to
the rational design of photoanode catalysts to expand the
limited utilization of solar energy and suppress the recombi-
nation of photogenerated electron–hole pairs.16,17

Yu et al.18 combined the mechanism of dye-sensitized
batteries with LOBs and fabricated the original photoassisted
LOBs. In detail, the discharge products (Li2O2) are formed on
the porous oxygen cathode, while the generated holes from
another TiO2 photoelectrode will oxidize the I-, which further
reacts with Li2O2. Aer that, several semiconducting cathodes
were applied for oxidation of Li2O2 to reduce the charging
overpotential. The photogenerated charge carriers can not only
Chem. Sci.
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enhance the oxidation reaction but also promote the reduction
reaction.19 Recently, Zhou et al.20 reported that doping Ru into
the interstitial sites of b-MnO2 induces lattice expansion,
introduces additional reaction sites, enhances light absorption,
and accelerates redox reaction kinetics. The assembled photo-
assisted LOBs achieve a cycle efficiency as high as 98.4%,
excellent high-rate performance, and outstanding cycle stability
exceeding 720 hours. Li et al.21 developed a novel porphyrin-
based metal–organic framework, which enables efficient
dissociation of excited-state electron–hole pairs (excitons)
through precise regulation of metal–oxygen clusters, thus
promoting the generation of photogenerated charge carriers.
This scheme not only signicantly improves the charge–
discharge efficiency of the battery but also reduces the overall
overpotential, achieving an energy conversion efficiency of up to
92.0%. Despite the current development of various photo-
assisted Li–O2 battery designs, issues such as limited light
absorption capacity, low photon utilization efficiency, and
sluggish reaction kinetics still restrict the photoelectric
conversion efficiency and battery performance.22,23 The band
structure is an intrinsic determinant of photocatalytic perfor-
mance, and band engineering serves as the core technique for
regulating the electronic structure of semiconductor materials,
particularly the positions of the conduction band minimum
and valence band maximum, and the bandgap width. Band
engineering can optimize photocatalytic behavior by regulating
the band structure, making it an effective approach to address
the aforementioned photocatalytic challenges in the design of
photoassisted Li–O2 batteries. Although heterojunctions can be
constructed via band engineering to enhance the light
Fig. 1 (a) Synthesis schematic of Zn-HHTP@ZnO. (b and c) SEM im
microscopy (TEM) image. (e) TEM image of the Zn-HHTP@ZnO sample
mapping overlay of Zn and C.

Chem. Sci.
absorption of materials, Schottky barriers and ohmic resis-
tances at traditional two-phase interfaces still hinder electron–
hole diffusion.

Here, ZnO nanorod arrays were in situ grown on carbon
textile as shown in Fig. 1a, followed by in situ transformation to
form Zn-HHTP@ZnO heterojunction photocatalysts. Compared
with conventional TiO2, ZnO offers several notable advantages
as a photocatalyst. Its slightly narrower bandgap and higher
conduction band position endow ZnO with stronger reduction
capability and broader light absorption. Moreover, the Zn–O
bonds in ZnO possess greater covalent character and enhanced
electron cloud overlap, facilitating efficient electron transport
within the lattice. In contrast, TiO2 exhibits more ionic Ti–O
bonding, which leads to stronger electron connement and
increased lattice and defect scattering, thereby impeding charge
migration. In addition, ZnO can be readily synthesized into
diverse nanostructures and forms stable interfaces with other
semiconductors, enabling the efficient construction of hetero-
junctions. However, ZnO can only absorb light in the ultraviolet
region. As a narrow-bandgap semiconductor, Zn-HHTP is
capable of absorbing photons within the visible light range.
Through heteroepitaxial growth, it forms an intimate interfacial
contact with ZnO nanorods, resulting in the in situ construction
of a well-coupled heterojunction. This heterojunction integrates
the band structure characteristics of both ZnO and Zn-HHTP,
allowing the Zn-HHTP@ZnO composite to achieve a band
alignment that covers the entire ultraviolet–visible light region.
Furthermore, the p–p transition characteristics of the HHTP
ligand further broaden the absorption range toward longer-
wavelength visible light. Consequently, combining ZnO with
ages of Zn-HHTP@ZnO. (d) High-resolution transmission electron
and the mapping results of C, O and Zn. (f) Schematic diagram of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a narrow-bandgap semiconductor through rational band engi-
neering enables the realization of full-spectrum light absorp-
tion in ZnO. The nano-array structure enables multiple
scattering and reection of incident light within the array,
enhancing photon utilization efficiency. The porous structure
and conjugated system of highly conductive Zn-HHTP provide
efficient electron conduction pathways, compensating for the
insufficient conductivity of ZnO. For one thing, upon light
illumination, ultraviolet light excites ZnO semiconductors to
generate electron–hole pairs, which rapidly migrate through the
heterojunction surface to Zn-HHTP to participate in redox
reactions. During discharge, numerous photoexcited electrons
act as reaction sites to promote the reduction of O2 to LiO2,
which eventually deposits as Li2O2. During charging, photog-
enerated holes in the valence band directly oxidize Li2O2 due to
their high oxidizability, helping to reduce the oxidation poten-
tial of Li2O2 during charging.24 The in situ Zn-HHTP and ZnO
composite has a tight interfacial layer; photocarriers are
generated on the surface, and photogenerated electrons in the
conduction band can be rapidly transferred through the Zn-
HHTP layer to the interface to participate in oxygen reduction
reactions. Besides, the narrow band structure of Zn-HHTP
ensures visible light absorption, endowing the Zn-
HHTP@ZnO composite with a broad light absorption range
and high photoelectric conversion efficiency. As a cocatalyst,
Zn-HHTP has abundant catalytic sites, enabling faster redox
reactions. The assembled battery demonstrates a high
discharge potential of 3.00 V and a low charging potential of
3.20 V, with a narrow overpotential of only 200 mV and an
energy efficiency as high as 93.4%.

Results and discussion

The Zn-HHTP@ZnO nanoarray structure was constructed on
a exible carbon textile substrate via multiple liquid-phase
deposition steps, as shown in Fig. 1a. First, the ZnO seed
layer was pre-deposited on the carbon textile surface as a growth
template.25,26 The carbon textile was then vertically placed in
a reaction kettle for hydrothermal reaction to induce the
oriented growth of ZnO nanorods.27–30 The structure was solid-
ied by heat treatment to improve crystal stability. Aer that,
the ZnO nanorods were partially dissolved in a weakly acidic
solution and served as a sacricial template, providing a Zn
source for the direct growth of Zn-HHTP, thereby forming
a well-arranged and structurally stable Zn-HHTP@ZnO
composite.31

The morphology of the obtained Zn-HHTP@ZnO and ZnO
samples was rst observed by SEM and TEM. As exhibited in
Fig. 1b, c and S1a, the Zn-HHTP@ZnO nanorod arrays pre-
sented a closely ordered vertical growth morphology on the
exible carbon textile surface, with a distinct rounded
morphology at the nanorod ends. In contrast, the original ZnO
nanorods had a typical hexagonal prism structure, as shown in
Fig. S1b and c. The morphological changes conrmed that ZnO
nanorods are etched and effectively coated with Zn-HHTP. The
HR-TEM image of Zn-HHTP@ZnO is given in Fig. 1d, where
regular lattice fringes with a spacing of 1.8 nm, matching the
© 2025 The Author(s). Published by the Royal Society of Chemistry
(100) crystal plane spacing of Zn-HHTP, conrm the successful
composite of Zn-HHTP on the surface of ZnO nanorods.31,32

Further, mapping images in Fig. 1e exhibit that C, O and Zn
elements presented a uniform spatial distribution on the
carbon textile substrate. Notably, the distribution areas of C and
Zn elements were highly consistent in diameter (Fig. 1f). This
result proved that Zn-HHTP completely coated the surface of
ZnO nanorods.

X-ray diffraction (XRD) analysis was conducted to elucidate
the crystal structure of the synthesized materials. As depicted in
Fig. 2a, the three characteristic diffraction peaks at 4.7°, 9.6°
and 12.8° correspond to the (100), (200) and (210) crystal planes
of the Zn-HHTP crystal,24 respectively. The position of the (100)
crystal plane is consistent with the calculated result of the
1.8 nm interplanar spacing observed by TEM, conrming the
existence of Zn-HHTP crystals. In addition, the diffraction peaks
at 31.6° and 34.2° in the XRD pattern correspond to the (100)
and (002) crystal planes of hexagonal wurtzite ZnO (PDF#36-
1452), respectively.32–34 This result not only conrms the exis-
tence of ZnO nanorod arrays, but also strongly proves the
successful composite of Zn-HHTP crystals on the surface of ZnO
nanorod arrays. The precise matching of diffraction peak
positions and intensities indicates that both crystal phases in
the composite material maintain good crystalline quality.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out to explore the elemental chemical states of the Zn-
HHTP@ZnO composite. As illustrated in Fig. 2b and c, the
XPS survey spectrum reveals characteristic peaks exclusively for
Zn, O and C indicating the compositional purity of the material.
The C 1s spectrum exhibits three distinct valence states: the
peak at 284.2 eV is assigned to quinone-type carbon (C]C) in
the HHTP ligand, while the peaks at 285.9 eV and 288.3 eV
correspond to C–O and C]O bonds, respectively.35 In contrast,
only the signals of the C–O and C]O bonds belonging to the
carbon textile are observed in the C 1s spectrum of the ZnO
sample (Fig. S2a), while the intensity of the C]O signal for the
Zn-HHTP@ZnO sample increases signicantly compared with
that for the ZnO sample. In the O 1s spectrum (Fig. 2d), the peak
at 530.8 eV originates from O–Zn bonds in ZnO, whereas the
peaks at 532.0 eV and 533.8 eV are attributed to C–O and O]C
bonds. In contrast, only the peak corresponding to the O–Zn
bond is present in the ZnO sample (Fig. S2b).36 The presence of
the O]C bond provides direct evidence for the successful
incorporation of Zn-HHTP. Finally, the Zn 2p spectrum (Fig. 2e)
displays characteristic peaks at 1021.5 eV (Zn 2p3/2) and
1044.6 eV (Zn 2p1/2). This stable electronic conguration with
fully occupied 3d orbitals facilitates the formation of robust
coordination bonds with the HHTP ligand.37,38 Thermogravi-
metric analysis (TGA) results of Zn-HHTP@ZnO and ZnO are
shown in Fig. 2f. Both Zn-HHTP@ZnO with well-dened
nanoarrays and pure ZnO exhibit exceptional thermal
stability. Zn-HHTP completely decomposes into ZnO at around
450 °C, while the weight loss aer 600 °C is attributed to the
decomposition of the carbon textile. The reduced total weight
loss rate of the Zn-HHTP@ZnO sample compared to pure ZnO
indicates the successful loading of Zn-HHTP on the ZnO
surface.
Chem. Sci.
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Fig. 2 (a) XRD patterns of Zn-HHTP@ZnO and ZnO. (b) XPS total spectrum of Zn-HHTP@ZnO. (c–e) C 1s, O 1s and Zn 2p spectra of Zn-
HHTP@ZnO. (f) TGA curves of ZnO, Zn-HHTP@ZnO and Zn-HHTP.
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The optical absorption properties were characterized by UV-
visible spectroscopy. As shown in Fig. 3a and b, the Zn-HHTP
composite exhibits a signicantly broadened absorption
range, with strong absorption in the ultraviolet region and an
absorption edge extending into the near-infrared region (l > 800
nm). The bandgaps of ZnO and Zn-HHTP were determined to be
2.95 eV and 1.35 eV, respectively, via linear extrapolation. Mott–
Schottky measurements (Fig. 3c and S3) reveal that both ZnO
and Zn-HHTP are n-type semiconductors with at-band poten-
tials of 1.89 V and 1.94 V, corresponding to conduction band
positions of 1.69 V and 1.74 V, respectively. Combining the
bandgap parameters, the valence band (VB) positions of Zn-
HHTP and ZnO were calculated as 3.29 V and 4.84 V,
respectively.

The photogenerated carrier dynamics of the samples were
analyzed using PL and TR-PL spectra. In Fig. 3d, the Zn-
HHTP@ZnO composite exhibits a weaker PL signal compared
to ZnO, indicating a lower ratio and less photogenerated elec-
tron–hole pair recombination. Meanwhile, as shown in Fig. 3e,
the average lifetime of Zn-HHTP@ZnO (0.42 ns) is shorter than
that of ZnO (0.65 ns). The improved electron–hole separation
ability was mainly attributed to heterojunction as illustrated in
Fig. 3f, where the photogenerated holes can directly transfer
from the CB of ZnO to that of Zn-HHTP avoiding recombina-
tion. The PL and TR-PL spectra collectively conrm that Zn-
HHTP@ZnO exhibits better photocatalytic activity. This is
benecial for free electrons and holes to participate in redox
reactions, improving their utilization efficiency and promoting
the enhancement of photoassisted electrochemical perfor-
mance. Furthermore, combined with the transient photocur-
rent response tests in Fig. 4, this indicates that aer
photogenerated carriers are produced under light irradiation,
electrons in the Zn-HHTP@ZnO composite can be rapidly
Chem. Sci.
transferred through atomically grown Zn-HHTP to participate
in the battery redox reactions, signicantly suppressing elec-
tron–hole pair recombination.

The photocurrents of Zn-HHTP@ZnO and ZnO samples were
further evaluated in a three-electrode system, where two pieces
of metallic lithium served as the counter and reference elec-
trodes. Zn-HHTP@ZnO and ZnO samples were used as photo-
electrodes, with 1 M LiTFSI/TEGDME as the electrolyte. Before
the test, the cell was purged with pure O2 for 30 min. The
transient photoresponse currents of Zn-HHTP@ZnO and ZnO
cathodes are shown in Fig. 4a, b, S4a and b. During charging/
discharging, Zn-HHTP@ZnO exhibits stable and stronger
photocurrents than ZnO under full-spectrum light illumination,
indicating higher charge separation efficiency. To systemati-
cally investigate the photoelectric response characteristics of
photocathodes under different light illuminations, chopped
light LSV and i–t tests were performed on Zn-HHTP@ZnO and
ZnO cathodes under full-spectrum illumination, as well as
specic wavelength (UV and visible) light irradiation. As shown
in Fig. 4c, d and S5, the current density of Zn-HHTP@ZnO
during charging demonstrates full-spectrum catalytic
enhancement, with signicantly improved visible light absorp-
tion compared to ZnO.

To further understand the photocurrent characteristics of
Zn-HHTP@ZnO and ZnO, LSV and i–t tests were conducted
under different wavelength illuminations to investigate the
maximum photocurrent density and the relationship between
photocurrent and light bands. As shown in Fig. 4e, f and S6–S8,
both photocathodes exhibit the strongest current responses
(3.27 mA cm−2 for Zn-HHTP@ZnO and 0.96 mA cm−2 for ZnO)
under full-spectrum light illumination. Additionally, Zn-
HHTP@ZnO generates current responses of 1.34 and 0.80 mA
cm−2 under UV and visible light, respectively, far exceeding
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06755c


Fig. 3 (a and b) UV-visible spectra and corresponding Tauc plot curves of Zn-HHTP and ZnO. (c) Mott–Schottky curves of Zn-HHTP@ZnO. (d
and e) Photoluminescence (PL) spectra and time-resolved PL spectra of Zn-HHTP@ZnO and ZnO. (f) Schematic illustration of the band structure
and photogenerated charge-transfer process.
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those of ZnO (0.16 and 0.08 mA cm−2) and consistent with the
PL and TR-PL spectral results in Fig. 3. Notably, the sum of
responses in each band for both photocathodes is lower than
the full-spectrum result, consistent with energy loss in photo-
electric conversion. The results show that the photocurrent
response of ZnO is signicantly lower than that of Zn-
HHTP@ZnO, relying mainly on UV light excitation. In
contrast, Zn-HHTP@ZnO demonstrates enhanced visible light
absorption, which outperforms that reported in previous
related studies (Table S1), conrming that the heterostructure
Fig. 4 Photoelectrochemical testing of Zn-HHTP@ZnO and ZnO catho
under chopped light at 3.0 and 2.6 V with different illumination (UV,
photocurrent with different illumination.

© 2025 The Author(s). Published by the Royal Society of Chemistry
effectively improves carrier separation efficiency. This fully
validates that the modication of conjugated Zn-HHTP not only
broadens the light absorption range but also signicantly
enhances photocatalytic activity by optimizing interfacial
charge transport.

The Zn-HHTP@ZnO sample was assembled into a non-
aqueous LOB and rst cycled at a current density of 0.02 mA
cm−2 under different light conditions. As shown in Fig. 5a, the
Zn-HHTP@ZnO sample provides a discharge plateau of 3.00 V
and a charge plateau of 3.20 V under light illumination, yielding
des. (a and b) LSV diagrams under chopped light. (c and d) i–t curves
visible and full spectrum). (e and f) The calculated discharge/charge

Chem. Sci.
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a narrow polarization voltage of 0.20 V and an excellent energy
efficiency of 93.4%, superior to that of previously reported
photo-inspired LOBs (Table S2). This is attributed to the special
band engineering process, which enables full-spectrum
absorption to improve light energy utilization efficiency.
Meanwhile, Zn-HHTP is tightly connected to ZnO that can
rapidly transfer photogenerated carriers to the interface for
reaction participation, thereby suppressing electron–hole pair
recombination. Compared with ZnO, more electrons and holes
are available for the redox reactions in Li–O2 batteries, allowing
the photoassisted Li–O2 battery with the Zn-HHTP@ZnO
photocathode to exhibit lower charge–discharge over-
potentials and higher energy efficiency. To conrm the positive
effect of illumination, discharge/charge measurements of the
Zn-HHTP@ZnO sample were further conducted in the dark,
where the discharge potential was 2.81 V and the charge
potential was as high as 3.60 V, leading to an undesirable energy
efficiency of 78%. Aer illumination, the charge potential of the
Li–O2 battery decreased by 0.40 V, demonstrating that illumi-
nation signicantly promotes the decomposition of Li2O2. The
redox performance differences of the Zn-HHTP@ZnO cathode
under light/dark states were further analyzed by CV tests. As
shown in Fig. 5b, illumination not only increases the ORR onset
potential but also signicantly enhances the redox current
response, all of which indicate that light energy input has an
obvious enhancement effect on the electrode reaction. In
addition, electrochemical impedance spectroscopy (EIS) was
used to analyze the charge transfer characteristics. As shown in
Fig. 5c, the arc in the Nyquist plot corresponds to the charge
transport process at the electrode/electrolyte interface, and its
Fig. 5 Electrochemical performance test of Zn-HHTP@ZnO cathode in
a current density of 0.02 mA cm−2, with a capacity limit of 0.02 mA h cm
graph. (d) Charge–discharge curves of Zn-HHTP@ZnO cathode at diffe
HHTP@ZnO cathode under light/dark conditions.

Chem. Sci.
diameter directly reects the interfacial impedance value.
Under illumination, the arc diameter sharply decreases from
404.54 U in the dark state to 10.98 U, and this order-of-
magnitude difference fully proves that photoexcitation can
effectively improve the interfacial charge transfer efficiency.

Fig. 5d presents the results of the rate performance test of
the Zn-HHTP@ZnO cathode under illumination, with a cut-off
capacity of 0.08 mA h cm−2 and current densities increasing
from 0.01 to 0.12 mA cm−2. The discharge potentials of the
battery based on the Zn-HHTP@ZnO cathode are 3.00, 3.00,
3.29, 2.87, and 2.48 V, with corresponding charge potentials of
3.18, 3.27, 3.4, 3.91, and 4.09 V. When the current density
returns to 0.01 mA cm−2, the discharge potential remains at
2.98 V with only slight decay, while the charge potential is
3.66 V, fully demonstrating the excellent rate retention capa-
bility of the electrode material. Further cycle tests (Fig. 5e) show
that under illumination, the Li–O2 battery with a Zn-
HHTP@ZnO cathode exhibits an initial discharge potential of
3.00 V and charge potential of 3.20 V at a current density of 0.02
mA cm−2. Aer 200 hours of cycling, the electrode maintains
good electrochemical stability, with the discharge potential
remaining at 2.91 V and the charge potential only increasing to
3.55 V. In contrast, the initial polarization voltage in the dark
state is as high as 1.13 V (discharge 2.74 V/charge 3.87 V). In
addition, the evaluation of long-term cycling and fast-charging
performance is crucial for secondary batteries.39,40 We con-
ducted cycling performance tests at higher current densities
(0.1 mA cm−2) to evaluate the cycling and fast-charging
performance of the photoassisted Li–O2 battery with the Zn-
HHTP@ZnO cathode (Fig. S9). At a high current density of 0.1
light/dark condition. (a) First discharge–charge curves of the battery at
−2. (b) Cyclic voltammetry curves with a scan rate of 0.5 mV s−1. (c) EIS
rent current densities. (e) Comparison of cycling performance of Zn-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mA cm−2, it could stably cycle for 150 hours, with rst-cycle
polarization voltages of 0.9 V. Notably, the Li–O2 battery
assembled with a Zn-HHTP@ZnO photocathode exhibits
a charging voltage of only 3.7 V under such a high current
density, which is much lower than that of Li–O2 batteries
assembled with solid electrocatalysts.41,42 Compared with
traditional electrocatalysts, the developed Zn-HHTP@ZnO
photocathode shows signicant advantages, and its low polar-
ization voltages under both small and large current densities
conrm the high efficiency of the light-assisted catalytic system.

To conrm the mechanism and reversibility of the light-
assisted battery reaction, systematic characterization of the
electrode products aer charging/discharging was conducted.
The Zn-HHTP@ZnO cathode was subjected to charge–discharge
treatments at different depths under illumination at a current
density of 0.02 mA cm−2. As shown in Fig. 6a–c, when di-
scharged to 0.80 mA h cm−2, the original nanorod structure on
the electrode surface was partially covered by dense discharge
products, but the nanorod morphology was still observable.
Further discharging to 2 mA h cm−2 completely covered the
nanorods with discharge products, making the original struc-
ture invisible. Aer charging to the same depth of 2 mA h cm−2,
the discharge products decomposed, and the nanorod
morphology became clearly distinguishable. Compared with
the original electrode (Fig. S10), only a small amount of lm-like
products remained on the surface.43,44 Component analysis of
the discharge products by XPS (Fig. 6d) revealed a characteristic
binding energy of 55.4 eV in the Li 1s spectrum, which fully
matches the standard spectrum of Li2O2, conrming that the
discharge product is Li2O2. These characterization results not
only conrm that the formation and decomposition processes
of Li2O2 in the light-assisted system are consistent with those in
traditional Li–O2 battery systems but also reveal the
Fig. 6 (a and b) SEM images of Zn-HHTP electrodes at different
discharge depths (0.8 mA h cm−2 and 2 mA h cm−2). (c) SEM image of
Zn-HHTP electrodes after charging to a depth of 2 mA h cm−2. (d) Li 1s
spectrum of the Zn-HHTP positive electrode discharged to
2 mA h cm−2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
morphological evolution law of products during charge–
discharge processes.

Conclusions

In this work, an in situ synthesized photocatalyst with nanorod
array structure and abundant active catalytic sites is proposed.
Its broad spectral response enables efficient light harvesting,
and the generated charge carriers promote both ORR and OER.
The nanorod-array-structured Zn-HHTP@ZnO composite
effectively suppresses the recombination rate of photogene-
rated electrons and holes. Under illumination, the assembled
LOBs exhibit a high discharge potential of 3.00 V and a low
charge potential of 3.20 V, with a narrow overpotential of only
200 mV and a high energy efficiency of 93.4%. Sufficient
photogenerated electrons ensure low discharge overpotential
and uniform nucleation of discharge products. This study
provides new insights for developing innovative, high-
performance light-involved energy storage devices.
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